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Abstract Palladium catalysts supported on a-Si;N, were
prepared by impregnation with Pd(Il)-acetate dissolved
either in toluene or in water. The mean metal particle size
of ~0.5 wt% Pd catalysts was similar (~5 nm) and
independent of the way of preparation. Nevertheless, the
two catalysts present very different chemisorption behav-
iour chemisorptive and catalytic properties. Fourier
transformed infrared (FTIR) spectra of adsorbed CO at
different temperatures (ranging from room temperature to
300 °C) show a very different behaviour for both catalysts.
While the CO adsorption states on the Pd/«-Si3;N, prepared
in toluene are very similar to those generally measured for
silica and/or alumina supported palladium catalysts, CO
chemisorbs less strongly on Pd/x-SizNy prepared in water
and on different adsorption sites. The Pd/a-SizN, catalyst
obtained by aqueous impregnation is much less efficient
for the methane total oxidation. It is less active and less
stable: it deactivates strongly after 3 h on stream at 650 °C.
The two catalysts present about the same activity for the
1,3-butadiene hydrogenation after stabilisation at 20 °C.
But, the catalyst prepared in water shows a much better
selectivity to butenes. The results are discussed in terms of
the possible migration of silicon atoms from the silicon
nitride support to the surface of the palladium particles,
when the catalyst is prepared in water. This is not the case
when prepared in an organic solvent.
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1 Introduction

Catalytic combustion of methane and partial hydrogenation
of butadiene are considered as test reactions for palladium
supported catalysts; they are carried out respectively at
high and low temperature, and in oxidizing and reducing
environments. Moreover, they are both of great industrial
importance.

Catalytic combustion of methane can be applied in
many domestic and/or industrial fields [1]. It is a way to
produce heat and infrared emission without nitric oxides
emissions. Nitric oxides (NOx) are formed by oxidation of
atmospheric nitrogen or by oxidation of the nitrogen
compounds contained in the fuels at high temperatures.
Thus hot spots need to be avoided. Pd, in its oxidized state,
is known to be a very active catalyst for this reaction [2].
But, the deactivation of catalysts is an important issue for
the design of a commercial catalytic system for such a high
temperature reaction. Poisoning, sintering, coking or foul-
ing are reported as causes of the catalyst deactivation
[3-6].

Partial hydrogenation of dienes (and alkynes) is a way to
eliminate 1,3-butadiene (or acetylene) present as an
impurity in C4 alkenes (or ethylene) [7, 8]. An efficient
process will consequently work in such a way that the
complete hydrogenation of butadiene into butenes (or
acetylene into ethylene) will be effective until the complete
conversion of the diene (or acetylene) is reached, i.e.
avoiding any formation of the completely hydrogenated
(butane or ethane) molecules. For this reaction, Pd is still
considered the best catalyst. However it was shown that its
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activity and selectivity can be strongly influenced by the
metal dispersion, the nature of the support and the prepa-
ration method [9-11]. Moreover, it is known that the
presence of additives can modify strongly the properties of
Pd catalysts for this reaction [7, 12, 13].

Silicon nitride is a thermostable material, having a very
high thermal conductivity. It was shown that it can be used
as support for metallic particles, giving rise to highly
efficient catalysts in comparison with metals supported on
oxides for oxidation reactions working at high tempera-
tures [14-16]. For example, Pd/«-Si;N, catalysts prepared
by decomposition of Pd-acetyl-acetonate dissolved in tol-
uene are very efficient for methane combustion [14].
Moreover, they present similar properties to that of Pd
supported on more classical (silica, alumina) oxide sup-
ports for the gas phase 1,3-butadiene hydrogenation
reaction, both with respect to their activity and selectivity
to butenes [17]. Nevertheless the use of water as solvent is
preferred over toluene for catalyst preparation at industrial
levels due to environmental and health issues.

In this paper we present results on the influence of the
solvent (toluene and water) used during the preparation of
a-SizN, supported Pd (from Pd-acetate precursor) catalysts
with respect to CO adsorption and the catalytic perfor-
mance for the methane total oxidation and for the 1,3-
butadiene hydrogenation reactions.

Transmission electron microscopy (TEM) and x-ray
photoemission spectroscopy (XPS) were used to charac-
terise the morphology and the electronic properties of the
Pd particles, CO chemisorption is investigated by vibration
spectroscopy.

2 Experimental
2.1 Catalyst Preparation

The silicon nitride support, approximately 7 m*/g BET
specific surface area, was provided by Goodfellow. It is
mainly constituted the low temperature hexagonal a-phase;
although the presence of the high temperature ff-phase was
also observed by XRD [14].

Catalysts were prepared by impregnation of the
as-supplied support with the adequate amount of Pd(II)-
acetate [Pd(CH5CO,),] (98% from STREM) dissolved
either in toluene or in water. After evaporation of the
solvent and drying at 80 °C or 100 °C for toluene and
water respectively, the catalyst precursor was decomposed
under an argon flow at 500 °C during 2 h with a heating
rate of 1 °C min~' and cooled to room temperature (RT)
under this neutral atmosphere. It was then calcined during
2h at 350 °C under oxygen flow (heating rate of
1 °C min™") and further reduced under hydrogen flow

during 2 h at 500 °C (heating rate of 1 °C min~"). Finally,
the reduced catalysts after cooling to RT were kept under a
flow of Ar for half an hour.

2.2 Catalyst Characterisation

Induced Coupled Plasma (ICP) chemical analysis was used
to determine the metal content of the catalysts. The sam-
ples were put in acid solutions and heated. The acid
solutions used were either H,SO,/HNOs/HF at 250 °C or
HF + (2/3)HCL/(1/3)HNO; at 150-200 °C. The acid
attack does not dissolve completely the silicon nitride and a
grey residue was observed. This does not affect the inter-
pretation of the chemical analysis since in both cases
(catalysts prepared in water and in toluene) the amount of
silicon nitride that is not dissolved is about the same and it
is negligible (<<1%). The solutions were filtered before
analysis by optical ICP in a SPECTRO monochromatic
spectrophotometer (Pd wavelength was 340.6 nm).

The catalysts morphology (size and distribution of the
Pd particles supported on the powders) was determined by
transmission electron microscopy (TEM). The microscope
is a JEOL JEM 2010, operating at 200 kV, equipped with a
LaBg¢ tip, a high resolution pole-piece (point resolution:
0.196 nm) and a Pentafet-LinK ISIS EDS-X spectrometer
(Oxford Instruments). Size distributions were obtained
from TEM micrographs; the mean sizes of the particles
(dpg) are determined using the formula dpy(nm) =
2n;di/Xn;, where n; is the number of particles correspond-
ing to a diameter d; (nm).

Binding energies of the Pd-3d electronic levels were
determined from XPS measurements performed with a
Fison Instruments ESCALAB 200R machine. Since some
charge effects appeared during measurements all the data
are corrected by taking the XPS binding energy (BE) of the
Ny, level of SizNy at 397.6 eV as reference energy [18].

2.3 CO Chemisorption and IR Measurements

Infrared spectra were collected with a FTIR Brucker
spectrometer (model Vector 22) equipped with a DTGS
detector using an IR cell with CaF, windows. Samples
were shaped by pressing 10 mg of catalyst into a disc of
18 mm in diameter. Each spectrum corresponds to 400
scans at 2 cm~ ' resolution; requiring a data acquisition
time for one spectrum of one minute.

The catalysts were pre-treated under oxygen flow at
500 °C and reduced under hydrogen at 350 °C before
exposure to carbon monoxide (CO) at room temperature
(RT). IR spectra were then recorded after removing gas-
eous CO by evacuation (30 min) at RT, and after heating
the samples at respectively 100 °C, 200 °C and 300 °C
under vacuum conditions.
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2.4 Catalytic Measurements

The total oxidation of methane reaction was performed
between 25 °C and 650 °C in a flow tubular quartz reactor.
A 0.2 g mass loading of catalyst was used for each
experiment. The catalytic bed, located in the middle of the
furnace (30 cm length), measured about 2 mm in length.
The temperature of the catalyst was measured with a
thermocouple having its tip located in the catalytic bed.
The flow of reactants (methane, oxygen and nitrogen in
ratio 2.5/19.5/78) was set at 100 mL/min. The products
were analyzed by mass-spectrometry. CO, and H,O were
the only products detected. Methane conversion versus
temperature was measured for the fresh catalysts and after
a first reaction cycle followed by 3 h operating at 650 °C.

The 1,3-butadiene hydrogenation was carried out at
20 °C in a flow reactor at atmospheric pressure. In order to
improve the heat transfers between the thermostatic bath
(which determines the reaction temperature) and the cata-
lyst, metallic stainless steel tubes of 1/4//1/6"" outer/inner
diameter were used as reactors. 5 mg of catalyst was
blended with 45 mg of the o-SizN, inert support before
introduction in the reactor.

As prepared catalysts were pretreated in the reactor
during 2 h at 500 °C in flowing O, and then reduced in H,
during 1.5 h at 350 °C. They were cooled under a He flow
before the catalytic studies.

The reaction was performed in excess of hydrogen
(Ho/HC = 10), the reactive mixture being diluted in
He (He/(H, + HC) = 6). The relative flows were set
with Brooks flow-meters; the total flow was fixed at
10.8 L h™'. Products analysis was performed by gas
chromatography. The selectivity into butenes is defined by
S1 = Phutenes/Z (Poutenes + Poutane); the relative amount of
1-butene in the butenes cut is measured by S, =
P butene/Z(Pputenes). For the turnover frequency (TOF)
determination, the dispersion D 1is calculated by the
expression D = 1.1/d (d being the mean size diameter,
expressed in nm), valid for fcc Pd particles [19].

3 Results and Discussion

The Pd content determined by ICP was respectively 0.58
wt% for the catalyst prepared in toluene and 0.53 wt% for
the catalyst prepared in water. These catalysts will be
referred to hereafter as Pd/a-SizNy-tol and Pd/x-SizNy-wat
respectively.

3.1 Catalyst Characterisation by TEM and XPS

Representative TEM micrographs of the studied catalysts
are given in Fig. 1, together with the size distributions. The
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mean particle size of the Pd is close to 5 nm whatever the
preparation method (see Table 1).

XPS experiments evidenced only a small difference in
the Pd-3d binding energies (BE) for both catalysts (see
Table 1). However, the BE value of the Pd-3ds,, is notably
higher than the one measured for a Pd/SiO, catalyst with
Pd particles of about the same size, i.e. 334.9 eV [17]. SiO,
is often considered as a “neutral” support with respect to a
metal-support interaction. In a simplified manner, one can
therefore consider that Pd is in a neutral state on SiO, but
somewhat electron deficient on o-SizNy, i.e. a peculiar
metal-support interaction does exist for the Pd/SizNy
catalysts.

3.2 IR of CO Adsorbed as a Probe

The infrared spectra of carbon monoxide irreversibly
adsorbed at RT, 100 °C, 200 °C and 300 °C over the
Pd/x-SizNy-tol are given in Fig. 2a. In the spectrum
obtained at RT bands corresponding to the vco stretching
modes at 2,075, 1,970, ~ 1,920 and ~ 1,830 cm™! can be
identified. Such a spectrum is very similar to those
obtained for CO adsorbed on Pd/SiO, [20], Pd/Al,O5 [21]
and on a model catalyst made of small particles deposited
on an oxidised NiAl(110) single crystal [22]. With
increasing temperature, the global intensity of the IR bands
decreases; no CO ad-species remain on the Pd particles
after evacuation at 300 °C. It is clear that some specific
states of adsorbed CO desorb at a lower temperature. As a
matter of fact, only vibration modes at 1,910 and
1,830 cm ™" are still observed after evacuation at 200 °C. It
is a priori difficult to identify un-ambiguously the different
adsorption sites. However, on the basis of previous results
obtained for CO chemisorbed either on supported particles
or on single-crystal Pd surfaces one can make some sug-
gestions to interpret the present data. One can propose that
CO adsorbs on Pd in four modes, depending on both the
site for adsorption and the CO—CO interactions: they would
correspond to linear (around 2,075 cmfl), compressed-
bridged (around 1,970 cm™"), isolated bridged (nearby
1,920-1,910 cm_l) and tri-coordinated (= 1,830 cm_l)
bonds [13, 23]. It is also tempting to interpret the spectra in
terms of CO adsorbed on the different facets and/or on the
edges present on the Pd particles, as proposed by Freund
et al. [22]. Actually, in their more stable state Pd supported
particles present mainly (111) and (100) facets [22, 24]. It
has been shown that CO chemisorbs more strongly on
Pd(100) than on Pd(111), with initial isosteric heats of
adsorpion of respectively 38 and 30 kcal mol™' [25].
Moreover, on the basis of the coverage dependence of the
vco Vvibration modes for CO adsorbed on Pd(100) [25] and
Pd(111) [26] the spectra can be tentatively interpreted as
follows.
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Fig. 1 Transmission electron
micrographs of the two catalysts
(a, b) and respective size
histograms (¢, d). a, ¢ Pd/a-
Si3N4-Wat. b, d Pd/O(-Si3N4-t01
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Table 1 Pd weight %, mean particle size and Pd-3ds,, XPS binding
energy measured for the Pd/a-SizNy-tol and Pd/a-SizNy-wat catalysts

Pd wt% TEM mean XPS Pd-3ds)»
(from ICP) particle size BE (ev)
(nm)
Pd/o-Si3Ny-tol 0.58 wt% 5 335.6
Pd/o-SisNy-wat 0.53 wt% 4.9 335.8

At high CO coverage (see Fig. 2a at RT):

2,075 cm ™' linear CO, on (111) facets,

1,970 cm™ L compressed-bridge CO, on (100) facets,
1,920 cm ™! bridge CO, on (111) facets,

1,830 cm™!: tri-coordinated CO, on (111) facets.

As the sample temperature is increased, i.e. as the CO
coverage is decreased, there is, firstly, desorption of linear
and bridge bonded CO ad-species located on the (111)
facets. Simultaneously, the compressed-bridge CO species
present on the (100) facets transform into bridge bonded
CO (without CO-CO interactions), inducing a shift of the
vco stretching vibration from 1,970 to 1,910 cm~'. Some
tri-coordinated CO species are also still present on the
(111) facets (see Fig. 2a, at 200 °C). One can think that
there are not enough CO species adsorbed on the edge
atoms of the rather big (5 nm mean diameter) particles

15
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10 15
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20 25 0 5 20 25

studied in the present work to allow their possible obser-
vation by IR spectroscopy. If such CO ad-species actually
exist they would be in a linear configuration, but with a
stronger bond than on higher coordinated surface sites
present on the facets [24]. Consequently, they would be
desorbed after the CO species located on the facets, and
should be still visible in the spectra recorded at high tem-
perature, which is not the case.

The infrared spectra of carbon monoxide irreversibly
adsorbed at RT, 100 °C and 200 °C over the Pd/a-Si;Ny-
wat are shown in Fig. 2b. The intensities of all the bands is
much lower than for CO adsorbed on the Pd/a-SisNy-tol
catalyst (Fig. 2a). Moreover, no adsorbed CO species
remain on the Pd metallic particles at 200 °C. It can be
stated that CO is less strongly adsorbed over the Pd/a-
SizNy-wat catalyst than over the Pd/a-SizNy-tol catalyst.

In the spectrum obtained at RT, one can identify bands
corresponding to vco stretching modes at 2,065, 1,965 and
1,910 cm™'. Their intensity decreases with increasing
temperature without any significant energy shift. This
indicates a lack of CO—CO interactions, which can be the
consequence of geometric dilution effect induced by the
presence of inactive elements at the surface of the metal
particles. This is strongly supported by the comparison of
FTIR spectra of CO adsorbed on the Pd/x-SizNy-wat cat-
alyst with those obtained by Shin et al. over Si-modified Pd
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Fig. 2 Infrared absorption spectra of CO irreversibly adsorbed on the
Pd/x-SizNy-tol catalyst (a) and on the Pd/x-SizNy-wat catalyst (b),
after removing gaseous CO by evacuation at room temperature (RT),
100 °C, 200 °C and 300 °C respectively. The spectra have been
shifted for clarity

catalysts [13, 27]. One can therefore soundly propose that
the change of the CO chemisorption characteristics
observed for the Pd/x-SizNy-wat catalyst is the conse-
quence of the presence of Si ad-atoms at the surface of the
Pd particles that block adsorption sites otherwise available
on the Pd/a-Si;Ny-tol catalyst.

3.3 Methane Total Oxidation

The catalyst prepared in toluene was the most active. The
total conversion of methane under the experimental con-
ditions was achieved already at 400 °C (Fig. 3a) and the
temperature at which 50% conversion occurs (320 °C) is
close to that of the Pd/a-Siz;N4 sample prepared with Pd-
bis-acetylacetonate in toluene [14]. The catalyst remains
active and stable after 3 h of time on stream at 650 °C
(Fig. 3a). Conversely, the Pd/a-SizN, catalyst obtained by
aqueous impregnation is less active and less stable. Total
conversion of methane was never reached and the catalyst
deactivates during the first cycle of reaction (Fig. 3b). The
catalytic behaviour is very different despite an initial
similar average Pd particle size and the dispersion of the
active phase observed by TEM for both catalysts (Fig. 1
and Table 1). TEM observations made after reaction
showed that some sintering of the Pd particles occured

@ Springer

50
40 =
30
20
10 yy

O&/——0o—F0o—o—f o010 T T T
200 250 300 350 400 450 500 550 600 650 700

Temperature (°C)

conversion (%)

Fig. 3 Conversion of methane in the reaction of total oxidation of
methane (CHy (2.5%), O, (19.5%), N, (78%); 100 mL/min) as a
function of temperature for the fresh catalysts (A) and the catalysts
having worked for 3 h at 650 °C in reaction conditions ([J) showing
a deactivation of the Pd/a-SizNs-wat catalyst (b) compared to the
Pd/a-SizNy-tol one (a)

during reaction; being a little bit more severe for the cat-
alyst prepared in water. Actually, the mean diameter of the
Pd particles was measured as 6.0 nm for the Pd/o-SizNy-tol
catalyst and 8.3 nm for the Pd/x-SizNy-wat catalyst. The
difference in the increase of size, and the consequent
decrease of available active sites, cannot explain the
observed loss in activity [28, 29]. Based on the CO
chemisorption results, one can propose that some Si ad-
atoms present on the Pd particles just after the preparation
can be oxidized generating some coating of the metal
particles. However, TEM observations did not reveal such
phenomenon, as it was the case for sub-nanometer layers
formed after methane oxidation on Pd/f-SisN4 [6] and on
Pd/a-SiC [5] catalysts. This clearly indicates that, in the
present case, Pd surface coating is certainly on the sub-
monolayer range and localised on specific sites, which
renders its direct observation difficult with the physical
methods of characterisation used.
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3.4 1,3-butadiene Hydrogenation

In Fig. 4a and b are reported the conversion, the S,
selectivity into butenes and the S, selectivity of 1-butene
versus time for the two studied catalysts at 20 °C.

The Pd/a-SizNy-tol catalyst shows a stable activity. The
conversion is close to 30% after 14 h time on stream. This
corresponds to a turnover frequency (TOF) of 8 s~' per Pd
surface atom, for the experimental conditions used. The S,
selectivity into butenes is low (x=50%) (Fig. 4a). The S,
selectivity, which measures the fraction of 1-butene among
the all the (1- + 2-) butenes, amounts to 30%. The values
of S; and S, are quite comparable to those measured for
other Pd catalysts on various supports under the same
experimental conditions, at comparable values of the con-
version [17].

The behaviour of the Pd/x-SizN4-wat catalyst is some-
what different. It first deactivates notably with time; while
simultaneously the S, selectivity slightly increases. After
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Fig. 4 1,3-butadiene conversion (%), selectivity S; = Ppyenes/
z (Pbutenes + Pbutune) (%) and SeleCtiVity Sz = Pl-bulene/Z(Pbulenes) (%)
versus time for the Pd/a-Si;Ny-tol catalyst (a) and for the Pd/a-SizNy-
wat catalyst (b). Temperature: 20 °C. Flow rates: H, = 1.4 L h',
butadiene = 0.14 L h™', He = 9.3 L h™! (i.e. 129 mbar H,, 13 mbar
butadiene and 858 mbar He)

14 h of operation, the conversion is nearly 40%
(TOF ~11 s ') and the S, selectivity is close to 90%
(Fig. 4b). S, amounts to ~40%.

The main conclusion is that the Pd/a-SizN, catalyst
prepared in water is much more selective into butenes than
the catalyst prepared in toluene, when compared at similar
conversion levels. An increase of the selectivity of the Pd
particles in this reaction is often the consequence of foreign
elements present at the surface of the Pd [7, 12]. Among
them, it has been shown that silicon ad-atoms modify Pd
catalysts that then show higher selectivity towards ethylene
for the selective hydrogenation of acetylene together with
producing less amount of green oil [13, 27, 30]. The
preparation in water, used as solvent of the palladium
precursor, undoubtedly induces a chemical reaction with
the silicon nitride support, generating diffusion of some Si
atoms towards the Pd metal particles. This is consistent
with the data issued from the vibrational spectroscopy of
CO adsorbed on the Pd/a-Si3Ny-wat catalyst that could be
explained by a dilution effect by an inactive species (Si) at
the surface of the Pd particles. Actually, it is stated that
better selectivities for many selective hydrogenations can
be obtained by partial poisoning [31]; the selectivity into
butenes (or ethylene) can be notably improved when the
catalyst surface is modified by additives [7, 12], inducing a
geometric “dilution” effect, which reduces the available
number of multiple metallic surface sites. An electronic
effect that modifies the adsorption strength between the
reactants and the active metal surface atoms, can also be
considered. Silicon at the surface can act in such a way
[13].

4 Conclusions

The chemical properties of Pd supported on o-SisNy cata-
lysts strongly depend upon the preparation process.
Catalyst prepared from Pd-acetate, as the metal precursor,
dissolved in toluene and in water show very different
chemical properties with respect to CO chemisorption and
modified catalytic performances for both the methane total
oxidation and the 1,3-butadiene hydrogenation reaction.
Carbon monoxide chemisorbs less strongly on the
Pd/x-Si3Ny catalyst issued from Pd-acetate dissolved in
water. It deactivates during methane combustion, while the
one prepared in toluene remains very stable. With respect
to the gas phase 1,3-butadiene hydrogenation reaction, the
Pd/a-Si;Ny4-wat catalyst produces less butane, i.e. it is more
selective to butenes.

The results obtained for the Pd/a-Si;Ny-wat catalyst can
be tentatively interpreted in terms of the presence of silicon
atoms migrating from the support to the surface of the Pd
metal particles in the presence of water during the
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preparation process leading to a modification of the
chemisorption and catalytic properties. This is not the case
for organic solvents.

Acknowledgment The authors are indebt to Dr. Yves Schuurman
for a most appreciated critical reading of the manuscript.

References

. Thevenin PO, Menon PG, Jaras SG (2003) CATTECH 7:10

2. Zwinkels MFM, Jaras SG, Menon PG, Griffin TA (1993) Catal

11.

12.

13.

Rev Sci Eng 35:319

. Euzen P, Le Gal JH, Rebours B, Martin G (1999) Catal Today

47:19

. Thevenin PO, Ersson AG, Kusar HMJ, Menon PG, Jaras SG

(2001) Appl Catal A 212:189

. Méthivier C, Béguin B, Brun M, Massardier J, Bertolini JC

(1998) J Catal 173:374

. Cadete Santos Aires FJ, Garcia Cervantes G, Delichére P, Bert-

olini JC (2003) In: IBP, SBC (eds) Proceedings of the 12th
Bresilian congress on catalysis, p 836

. Boitiaux JP, Cosyns P, Derrien M, Leger G (1985) Hydrocarbon

Process 64:51

. Derrien M (1986) In: Cerny L (ed) Studies in surface science and

catalysis, vol 27. Elsevier, Amsterdam, pp 613-666

. Boitiaux JP, Cosyns P, Vasudevan S (1983) Appl Catal 6:41
. Stadler KH, Schneider M, Kochloefl M (1985) Proceedings 8th

international congress on catalysis, Berlin, 1984. Dechema,
Frankfurt am Main, p 229

Delage M, Didillon B, Huiban Y, Lynch J, Uzio D (2000) In:
Corma A, Melo FV, Mendioroz S, Fierro JLG (eds) Studies in
surface science and catalysis, vol 130. Elsevier Science B.V., pp
1019-1024

Goetz J, Volpe MA, Gigola CE, Touroude R (2001) J Catal
199:338

Shin EW, Choi CH, Chang KS, Na YH, Moon SH (1998) Catal
Today 44:137

@ Springer

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.
25.

26.

217.

28.

29.

30.

31.

Meéthivier C, Massardier J, Bertolini JC (1999) Appl Catal A Gen
182:337

Monnet F, Schuurman Y, Cadete Santos Aires FJ, Bertolini JC,
Mirodatos C (2001) Catal Today 64:51

Hullmann D, Wendt G, Singliar U, Ziegenbalg G (2002) Appl
Catal A Gen 225:261

Garcia Cervantes G, Cadete Santos Aires FJ, Bertolini JC (2003)
J Catal 214:26

Briggs D, Seah MP (1990) Practical surface analysis. In: Briggs
D, Seah MP (eds) 2nd edn, vol 1. Auger and X-ray photoelectron
spectroscopy. Wiley and Sons, Chichester

Bergeret G (1997) In: Renouprez AJ, Jobic H (eds) Catalysis by
metals. Springer Verlag, Berlin, pp 167-180

Pitchon V, Primet M, Praliaud H (1990) Appl Catal 62:317
Dulaurent O, Chandes K, Bouly C, Bianchi D (1999) J Catal
188:237

Freund HJ, Baumer M, Libuda J, Risse T, Rupprechter G, Sha-
iknutdinov S (2003) J Catal 216:223

Tessier D, Rakai A, Bozon-Verduraz F (1992) J Chem Soc Far-
aday Trans 88:741

Henry CR (1998) Surf Sci Rep 31:231

Szanyi J, Kuhn K, Goodman W (1993) J Vac Sci Technol A
11:1969

Dzensoy E, Meier DC, Goodman W (2002) J Phys Chem B
106:9367

Shin EW, Kang JH, Kim WJ, Park JD, Moon SH (2002) Appl
Catal A Gen 223:161

Hurtado P, Ordoéiiez S, Sastre H, Diez FV (2004) Appl Catal B
Environ 51:229

Schuurman Y, Cadete Santos Aires FJ, Garcia Cervantes G,
Bertolini JC (2005) In: Forzatti P, Groppi G, Ciambelli P,
Sannino D (eds) Catalytic combustion, vol 2. Polipress, Milan, pp
50-52

Kim W]J, Shin EW, Kang JH, Moon SH (2003) Appl Catal A Gen
231:305

Rylander PM (1979) Catalytic hydrogenation in organic synthe-
sis. New York, Academic Press



	Surface Modification of Pd/&agr;-Si3N4 Catalysts Through the Solvent Used During Synthesis. Implications on the CO Chemisorption Properties and Catalytic Performances
	Abstract
	Introduction
	Experimental
	Catalyst Preparation
	Catalyst Characterisation
	CO Chemisorption and IR Measurements
	Catalytic Measurements

	Results and Discussion
	Catalyst Characterisation by TEM and XPS
	IR of CO Adsorbed as a Probe
	Methane Total Oxidation
	1,3-butadiene Hydrogenation

	Conclusions
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


